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1 | INTRODUCTION

Time delays are ubiquitous in modern control applications. These delays can be attributed to the presence of communi-

We propose new results on input-to-state stability (ISS) sub-
ject to time delays in the input for compact, invariant sets
that contain the origin. First, using nonlinear small-gain the-
ory, we prove a Razumikhin-type theorem that ensures ISS
for sets in the context of functional differential equations
(FDEs) with delayed disturbances. Next we demonstrate
that this theorem can be used to ensure set ISS for nonlin-
ear systems with input delays and disturbances. In compar-
ison to the existing research on robustness of set ISS with
respect to time delays at the input, our results are more gen-
eral, retain the ISS gain, and do not impose constraints on
time delayed states. The advantages of the method areiillus-
trated through two case-studies on set-stability for classes
of nonlinear oscillators of practical interest.
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cation networks between sensors, plants, and controllers. Delayed states can also be found in a variety of engineering
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systems that don’t involve communication networks (arising from discretization, quantization, and processing limita-
tions), such as advanced defense systems, rolling mills, automotive engines, chemical and biological reactors [1}[2}[3].

It is well established that time delay systems (TDS) are a class of infinite-dimensional FDEs. TDS stability analysis
methods can be structured into frequency-domain [4], [5], and time-domain ones. The time-domain methods extend
the Lyapunov approach and are based either on Lyapunov-Krasovskii functionals [é] or on the Lyapunov-Razumikhin
function [7]. Detailed descriptions of these methods and their applications can be found in [8], [2]. Stability analysis
of linear TDS based on linear matrix inequalities (LMI) and Lyapunov-Krasovskii functionals can be found in [10], [11]
and references therein. While the Lyapunov-Krasovskii technique is a logical extension of the Lyapunov approach, the
choice of a Lyapunov-Krasovskii functional remains a complicated problem. In many nonlinear scenarios, it is easier
to determine a Lyapunov-Razumikhin function (see, for instance, [12] and [13]). The rest of this article will, therefore,
focus on using the Lyapunov-Razumikhin technique to develop robustness results under time delay.

The concept of ISS was first put forth as a theoretical foundation for the investigation of robustness to external
disturbances in [14], and many researchers have since used it in a variety of contexts, from robust control [15] to highly
nonlinear small-gain theorems [16]. For FDEs with disturbances, ISS is guaranteed by Razumikhin-type theorems,
which were proposed in [17]. The author in [17] also demonstrated that ISS is robust to input time delays.

The ISS property, along with fundamental stability notions, was initially defined with regard to a specific equilib-
rium state of interest. However, convergence to sets has become critical in modern control applications, and therefore
set ISS has become prevalent. Several robust stability problems in areas such as incremental stability, leader-follower
consensus, consensus tracking, synchronization of oscillators are covered under a more comprehensive framework
of ISS with respect to a closed set in [18], compact set in [19} 20,121} 122]. Seminal articles on set ISS for closed sets
include [23], [24] where various notions of set-ISS and Lyapunov characterizations of the same are introduced. Spe-
cializations of set ISS notions for compact invariant sets are shown in [25]. The study of the ISS property with respect
to a compact set that comprises the origin is a common application of 108, as stated in [26]. The distance between the
states and the set is the output when applying 10S in these instances. However, in order to investigate the robustness
of set ISS to time delay, we concentrate on set ISS rather than IOS notions.

The focus of the current article is the robustness of set ISS to input time delays, which is not covered in the
aforementioned literature. Time delays naturally lead to FDE, and the various notions of stability of invariant sets for
FDEs are introduced in [27]. The authors in [28] provide a Razumikhin-type characterization of set ISS for FDEs in
their work. To the best of the author’s knowledge, the only rigorous result guaranteeing set ISS for a class of nonlinear
systems in the presence of time delay at the input is [28]. However, both the Razumikhin-type theorem and robustness
of set ISS to time delay results have conditions (such as the additive nature of the time delay and a constraint on the
additive delay term) restricting their general applicability. Our focus primarily is to improve both these results and
significantly expand the scope of application of the Razumikhin based robustness results on set ISS.

The article’s novel contributions in comparison to the body of literature are listed below.

1. We present a novel variant of the Razumikhin theorem for set ISS of FDEs along with proof.
We propose an innovative result on the robustness of set ISS to delays using the new variant of the Razumikhin
theorem developed here.

3. Itis demonstrated that the robustness results proposed here are more generally applicable and relax some of the
conditions required in [28]. Unlike [28] our results are also applicable to non-additive time delays at the input.

The remainder of the paper is set out as follows. The relevant notations, definitions, and theorems are provided in

Section[2] The proofs of the set-versions of the Razumikhin-type theorem, ISS, and the major finding of the paper on
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the robustness of the set ISS to time delays at the input, are all illustrated in Section[3] We also compare the findings
of our robustness study to those in the article [28], which is well illustrated using examples in SectionE} The future
road map is presented in Section[5]of our study.

2 | PRELIMINARIES

This section aims to introduce some results that help us prove the robustness of set ISS to time delays at the input.

A mapping y : R5g — R is said to belong to class-G if it is continuous, zero at zero and non-decreasing; it is
of class-K if it is of class-G and strictly increasing; it is of class- K. if it is of class-K and unbounded. A continuous
function B : Ryp X Ryp — Ry is said to be of class-K L if (-, t) is of class-K for each ¢t > 0 and B(s, -) is mono-
tonically decreasing to zero for each s > 0. Throughout the paper, the following standard notations are used: set
C = C([-6,0],R™) represent continuous functions mapping the interval [-&,0] into R”, with the topology of uni-
form convergence and some & > 0. At the time ¢, the vector is x(t), and for the sake of simplicity, when no confusion
can arise, we will denote it just by x. The state history function x; corresponds to the past time-interval [t - &, t],
where x:(8) = x(t +6), where 8 € [-6,0].

2.1 | Set-stability for systems without time delay

We start by recalling some standard definitions/notations for non delayed nonlinear systems. The readers familiar with
these notions can skip this section and go directly to the next one that addresses set-stability for time delay systems.
These definitions make the article self-content and will be important in establishing our main findings regarding the
set ISS’s robustness to systems with time delays in feedback.

Consider nonlinear systems of the following form
x(t) = f(x(1),u(t)), (1)

where x(t) € R", u(t) € R™, V¢t > 0,and the map f : R” x R™ — R” is Lipschitz on bounded sets [29]. The input v is
measurable, locally essentially bounded function of the type v : Ryp — R™. The space of such functions is denoted
by L with the norm [Jujs) o) | = esssup{u(t) : t > to > 0}. The space L{ consists of functions which are bounded
almost everywhere. We use |[u]| = |ujg.)| and let [lujg,) |l be the signal norm over the truncated interval [0, t]. For
each initial xo = x(0) € R" and each v € L7, let x(t, xo, u) denote the solution of (1) at time ¢. If there is no ambiguity
from the context, the solution is simply written as x(¢).

For a nonempty closed set A € R" we have, |y|4 £ inf{d(y,z) : z € A} where d(y, z) = |y - z|.

Definition 1 (Finite escape time[25]) The system (1) is finite escape-time detectable through | - | 4 if a solution’s maximal

interval of existence is bounded, i.e., x (t) is defined exclusively on [0, T) with T finite, then IimT |x(t)|a = oo.
t—

Definition 2 (Invariant set w.r.t ODE [25]) For the associated “zero-input" system
x(t) = f(x(1),0),

set A is said to be a O-invariant set if it holds that for any xq € A, x(t, x0,0) € Aforall t > 0.

The rest of the document will refer to the 0-invariant set as the invariant set.
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Definition 3 (Set ISS using ISS-Lyapunov function w.r.t. sets [30]) A smooth ISS-Lyapunov function V : R" — R for
with respect to the closed set A is a function that satisfies

1. there exists ay, ay € K such that for any x € R”,

ar(|x]a) <V (x) < aa(]x]a).

2. thereexist as € K and y € K such that forall x € R" and u € R™,

AV (x)
ox

Ixlazx(lu) = fx,u) < —a3(|x]a). (2)

The ISS gain in this scenario is given by a1‘1 o ay o y. For compact set A, an equivalent representation of (2) is:

3. there exists a3, as € K such that forall x € R" and u € R™,

aV(x)
ox

f(x,u) < —az(|x]a) + as(Jul).

Assume the closed set A is invariant for . The system (1)) is ISS with respect to A if it admits a smooth ISS-Lyapunov function
with respect to A (see [31] ) and is finite escape-time detectable through | - | 4.

In order to take into account a system in which we have control inputs and disturbances, we can formulate the follow-
ing ISS property:

x(t) = @ (x(1), ur (1), uz (1)) (€)

where x(t) € R" denotes the vector of state variables, u1(t) € RP is the controlled input, uy(t) € R™ denote the
vector of uncontrolled disturbances, and ¢ is Lipschitz on bounded sets on R” x RP x R™.

Definition 4 (Set ISS for two input ODE) System (3] is set ISS if there exists yu,,yu, € K, B’ € KL such that for each
x(0) € R" and for each pair of measurable, essentially bounded inputs uy (-), u (), the solution of (3) with x (0) = xq exists
for all t > 0 and the following inequality holds:

[x ()14 < B (Ix0D)ar t) +rvuy (Nur 1) + vuy (21D (4)

Lemma 1 (Set ISS for two input ODE using ISS-Lyapunov function w.r.t sets) The system in (3) is said to be set ISS with
gain (yu,,Yu,) with two functions y,, € K andy,, € K, if there exists a smooth function vV : R" — Ry, three functions
a1, a2, a3 € Ko and two functions v, . ¥u, € K withy,, (e) = or1‘1 (a2(Fuy (€)))s Yuy (€) = 0(1‘1 (a2(7u, (€))) such that for
all x(t) e R", all uy € RP,allu; e R™and all e > 0:

L o (Ixla) < V(%) <az(lx]a)

2. Ixla > max{pu, (lu1]), 7u, (Jua)} = L@ (x,ur,u2) < —as(Ix|a),

Note that the proposition above is an extension of [32, Definition 1] to sets.
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Proof From the hypothesis of the Lemma 1 in [17] or Proposition for system with ISS-Lyapunov function
satisfying the two conditions of Lemma there exists a KL function g’ = max{aﬂ (B(1x(0)]4,0)) } with g € KL
such that for each pair of measurable, essentially bounded inputs u; (+), u2 (+), the solution of (3) with x(0) = xq exists
forall t > 0 and satisfies

Ix(6)[a < B (Ixo)ar t) + oy (o (max{Fu, (Ilur [). 7 (2] 1)
From the fact that for any pair of nonnegative real numbers (¢1, ¢3)

a; (ap(max{cy, c2})) < max{a; ' (az(cr)). oy (a2 (c2)) }

< a;l(aa(en) + a7 (a2 ().
We obtain
[x(6)1a < B (Ix0D)as t) +yvuy (lur 1) + vuy (Huzl1)
with v, = a7 (@2 (Fuy ) Yy = a7 (02 (7))

2.2 | Set-stability for systems with time delay

The notions of set-stability for systems with time delays and disturbances are introduced in this subsection. Consider
the autonomous TDS with no perturbations,

X(t) =f(xt), xo=¢eC, (©)

where f : C — R” is Lipschitz on bounded sets and ¢ : [-5,0] +— R” is the initial condition. The vector x(¢) is the
solution at time ¢ while x; is the state history in TDS (5).

Definition 5 (Invariant set w.r.t FDE) Aset A C C is said to be an invariant set (with respect to ) if for any ¢ in A, there
is a solution x (-) of (5) that is defined on [0, ) such that x; € A, ¥Vt > 0.

We further introduce FDEs with delayed disturbances and some notations related to the same as given in [17]. We
analyze FDEs of the form,

X(t) =f(xe,wt), x0=¢€C, (6)
where x : C — R" and the initial data is continuous. w takes values in R™ and is measurable and locally essentially
bounded [33]. The signal w is an exogenous input. We assume that there exists 7 > 0 and an unique maximal solution
x(+) defined on [ty — 6, to + T¢) for each initial data, input, and starting time ¢, > 0. We are allowed to use T¢ = + in
further calculations. The norms are defined as follows

Ixel = max [x(t+s)], lIxllg = suplxl.
—-6<s<0 t>ty

The definition of norms with regard to other variables is similar as well. Given continuous functions x : [-8, ) — R”"
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and V : [-6,0) x R" — Ry, we are using the shorthand V (¢, x(t)) £ V(t) and define V;(7) £ V(t - 1) for
>0and 7 € [0, 5] Add|t|onally, the upper right hand derivative of V along the solution of (@), x(t) is defined as
t+h) —
D*V(t) = lim sup Vit+h - V()
h—0* h
To conclude this section, we present an instrumental lemma and introduce a final relevant definition.

Proposition 2.1 (Lemma 1in [17]) Let £ > Oand @ € K. If V(t) > & implies D*V(t) < —a(V (1)), then there exists
B € KL (independent of &) with B(s,0) > s, such that V (t) < max{B(V (to), t — to), E}.

A compact, invariant set A ¢ R” that contains the origin serves as the cornerstone for the entire discussion in the
article. The norms w.r.t set A are defined as follows

Xtla 2 inf max |k —x(t+s
Ixela = inf max |k~ x(t+s)l.

Il>

|1x¢ 114 max _|x(t+s)|a= maxOLnf [k —x(t+5s)],

-6<s<0 5<s<

lIxlleg,4 = sup{lxela}.
t>ty

We also have ||x¢|la < |x¢|a (under the assumption that the system has no finite escape time through | - |4) [34].
Invariant set w.r.t () is similar to that in Definition[Bwith w; = 0in (4).

The following definition is the set-modified version of [17, Definition 1].

Definition 6 Lety € G,u € Ry, and Ay, A, € Rso U oo. A set A (compact, invariant, and contains origin) with respect
to (@) is said to be uniformly ISS with gain y [and offset u and restriction (Ax, Ay)] if |xola < Ax and Iwlle, < Aw imply
Tr = oo and that the following properties hold uniformly in ty > 0

1. foreach e > 0 there exists § > 0 such that |xo|a < & implies ||x|sy.4 < max{e,y(llwllg), 4} and,
2. foreache > 0,nx € (0,Ax),nw € (0,Ay) thereexists T > Osuchthat |xo|a < nxand [|wle, < nw imply [l sg47).4 <
max{e,y (llwlle). 1}

This forms the standard definition of uniform asymptotic stability for the set A of the FDEs for y = 0and w(t) =0. It
can be proved with the help of [27] Definition 2.6]. Note that DeﬁnitionE]imposes bounds on the perturbations and
in this sense indeed refers to local properties. On the other hand the input to state stability is ensured for the same

set of initial conditions as for the system without delays.

3 | MAIN RESULTS

3.1 | SetISS versions of the Razumikhin-type theorem

In this subsection, we present the set-ISS theorems based on Lyapunov-Razumikhin functions.

The following result is a slight reformulation of the global set ISS version of the Razumikhin-type theorem in [28].

Theorem 3.1 [28] If there exist aj, a; € K, a continuous function V : [-8,00) X R" — Rso,yy,yw € Gand az € K
such that

L o (Ix(0)]a) < V(1) < a(|x(D)]a),
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2. v(t) > max{y, (IVe]), yw(lwe )} = DV () < —a3(Ix(t)]a),
3. y/(e) <efore>0,

then the set A for @ is uniformly globally ISS with gain a7 Yoy,

The next version follows from a small-gain argument working with ||x;| 4 rather than |V;|4. More significantly, it
addresses the case where the small-gain condition does not hold on all of (0, ). This situation will arise in our

upcoming results on the robustness of the input-to-state stability of sets due to time delays at the input.

Theorem 3.2 Suppose there exists a1, ap € Kw, a continuous function V : [-8,00) Xx R” — R0, yy,¥w € Gand as € K,

and non negative real numbers u, A with u < A such that

1 o (x(0)]a) < V(t) < az(|x(t)]a),
2. |x(t)|a = max{yx(Ixela)syw(Iwe)} = DV () < —asz(Ix(t)]a),
3. aj'omoyx(e) <eforu<e<A

Let B € KL be as in conclusion of Propositionwhen a=azo a2‘1. Then the set A for @ is uniformly ISS with gain

1

Fw £ a;' o ag oy, (offset u and restriction (Ax, Ay)) such that max{or;1 (B(az(51),0)), 7w (s2)} < A when s; < Ay,

Sy < Ay.

Proof In this case, the pertinent inequalities are

Ixt]a < max{|xo|a-¢(t - to), [X[gy.a}: 7)

Ix(£)]a < max{B(Ix(to) |a, t = to), Fx (X lleg.4)s Pw (IWlleo) }, (8)

where, ¢(s) = 0.5(1 - sgn(s = 6)), |x|eya = fgtplx(t) la» B(e.t) = a7 (B(az(e). 1), x = a7 0@z o yx, and 7y =
>tg

a7’ o ap o yy. Inequality (8) follows by modifying Point 2) of the theorem, i.e., if V() > az(¢) implies |x[4 > ¢.

Thus, in accordance with the theorem’s Point 2), we will obtain V(¢) > max{az o yx(|x¢|a),a2 o yw (Iwe])} =

D*V(t) < —az o a2‘1 (IV(¢)]). We use Proposition (which introduces a 8 € K £ function) and Point 1) of the

theorem to obtain

V(t) < max{B(V(to). t - to), az o yx(Ix¢]a), a2 o yw (IW:]) }

= |x(8)|a <max{B(Ix0l4,0), Px (I1xllzg.): Fw (W lltg) }-

We here make use of the fact that |x(tp)|a < [Ixolla < |xo0la. Using max{a1‘1(/3(0(2(51),0)),)7W(sz)} < A when
s1 < Ay, sp < Ay, guarantees |xg|4 < A. We have 0(1‘1(/3(012(51),0)) < A when s; < Ay. For sy = |xg|a, we have
a7 (B(az(Ix0la).0)) < Aand,

az(|xola) < B(az2(]x0la),0),

ai(|xola) < a2(|xola) < B(az2(|x0l4),0).

The existence of the aforementioned truncation guarantees |x;|4 < A, and ||x[|s.4 < A. Taking sup norm on both
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sides of (7) and (B) and substituting the bound of ||x ||, 4 in (8), we obtain

lIx1leg,4 < max{B((1x(to)14), 0), s P (W lleg) }- 9

Following Point 3) of the theorem, we can deduce that for a, b, ¢ € [0, A), a < max{b, yx(a), c} imply a < max{b, u, c}.
Moreover, we are aware that 7, (s2) < A. Thus, the first condition of the Definition |§| holds if |xo|lsa < &, for ev-
erye >0,3a8 > 0such that 3(5,0) < (¢). From [9) we have, [Ixllsa < max{B((Ix0la),0). Fw (Iwllty) } and,

lIxlleg.a < max{e, Pw (IIWlleg), p}-
In order to demonstrate uniform convergence, we follow a similar procedure to that used in Theorem@ For given

strictly positive real values e, ny, nw, let € = max{B(nx,0), 7w (nw),u}, Where |xo|a < nx and [Iwllty < nw to obtain
Ix]le.4 < k. Let pp > 0 be such that B(k,p2) < (€). Also let py > p. Using (7) and , we can then generate

Xl eg+pr+02).4 < X[l (tg+pp).a < MAX{eE, Px (11X lg,0), Pu (W 1) }-

Since 7x(e) < eforall u < e < A, there exists n(«, €) such that 7] (x) < max{e, 7w (|wlls),u}. We may therefore
deduce that

1 I (egn(pr+p2)).a < Max{e, P (W lieg). 1}
Thereby, we demonstrate that the second condition of the Definition[g]also holds here and set A for (8) is uniformly

ISS with gain 7, [offset 4 and restriction (Ax, Ay)]. u]

Remark 3.1 In contrast to Theorem from [28], which employs |V; | 4, Theoremis a novel variation of Razumikhin-
type theorems for set ISS of FDEs with delayed disturbances. It is based on a small-gain argument using || x; || . The uniform
stability and convergence property, as stated in Definition |§] provides a basis for the proof of Theorem @ The offset and
restriction conditions in set ISS are also addressed in Theorem@ as opposed to Theorem@ Our main finding concerning

the robustness of set ISS to a feedback delay is based on Theorem@ making it applicable to systems of a broader class.

3.2 | Setinput-to-state stability

Next, we state a lemma pertinent to this subsection.
Consider a system
X =@(x,u1,uz), (10)

where x € R” denotes the vector of state variables, u; € RP,u; € R™ denote the vector of input variables (distur-
bances), and ¢ is Lipschitz on bounded sets on R” x R” x R™.

Lemma 3.1 If the system with u; = 01is ISS w.r.t a set A (compact and containing the origin) with gain y,,, then there

exists a m x m matrix B(x, u1) of smooth functions, invertible for all x € R", uy € RP and satisfies B(x,u1) = Imxm ina
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neighborhood of the origin of set A, and a function y,, € K, such that the system
X = @(x,u1, B(x,ur)ua), (12)

is ISS w.r.t set A with gain (y,,,yu,). More specifically, 3 a; € K fori = 1,2,3, such that a; (|x]4) < V(x) < a2(|x]4) and
the following hold true

- - oV
Ix|a > max{fu, (lur]). Vo, (2} == - (x,u1, B(x, ur)uz) < ~0.5as(|x]a).

where, 7, (¢) = a;" (a1 (yu (€))) and ju, (e) = a5 (a1 (v, (e)).

The proof of the aforementioned lemma is provided in Appendix A and is an extension of the corresponding result on

equilibrium points in [32].

3.3 | Robustness of set ISS to time delays at input

The key result of this article is now ready to be stated. We first give the results of the robustness analysis as provided
in [28], but without the use of any practical constants. Additionally, we will compare the outcomes for the robustness
of set ISS to input time delays.

Consider the following system

x(8) = £ (x(t), w(t)), (12)

where § >0, x € R”,and w € R™.

Theorem 3.3 [28] If set A for is ISS, i.e., there exists an ISS-Lyapunov function V : R" — Rsq which satisfies the

following

a1 (Ix]4) < V(%) < az(lxla),
2%
and —=f(x,w) < —as(|x]a) +y(Iw),

and the ISS gainis 1 = af Toay oy, wherey; = ay L (ﬂ:y) and e € (0, 1) in the absence of delay. Then there exists some
& > 0'such that the set A for x(t) = f (x(t), w + g(x;)) is ISS and gain y» % a7 o a; o 8y, where as(e) = a3 0 0.5a;"
under the assumption that g is a continuous function and satisfies,

lg(xt)] < A(|V:]), for some h € Koo (C1)
We next utilize Theorem [3:2] to demonstrate the relaxed version of the robustness of set ISS before comparing the
two results.

Consider the system

x(t) = F(x(t),u(t - 8),w(t)), (13)

where § > 0, x e R”, u € R? and w € R™. If there exists aj, az, a3 € K, smooth functions k : R” —» R™, V : R" —
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Rso and y € G such that a; (Ix(£)|4) < V(t) < a2 (Ix(t)[4), Ixla > v(Iw]) = X (x,k(x),w) < —az(1x(£)|4), we
say that set A for is ISS with gain 7 £ a7 o az o y in the absence of delay [35].

Theorem 3.4 If set A for is ISS with gain y in the absence of delay, then there exists §* > 0 such that for all §¢e (0, 5%),
the set A is uniformly ISS with gain ¥, nonzero offset and nonzero restriction. In addition, the offset becomes arbitrarily small,
and the restriction becomes arbitrarily large as & approaches zero.

Proof Lemmastates that if the system (13) is ISS w.r.t. a set A in the absence of delay, then there exists a smooth
invertible m x m matrix G and yy € K such that the system

x=f(x,k(x)+G(x,w)8,w), (14)
satisfies

Ix(£)]a > max{ye (16(6)]). ¥ (Iw())} = V < -0.5a3(|x(t)[a).- (15)

The original system can be expressed as with 8(t) = G(x(t), w(t)) ' [k(x(t - 8)) — k(x(t))]. The function
k and f are locally Lipschitz and &(t) = k(x(t — 8)) — k(x(t)). Since k is locally Lipschitz, we have,

IE(6)] < Lix(t = 8) - x(8)] < L‘/ d| L‘/ F(x(5), k(x(5 = 8)), w(5))ds],

for some Lipschitz constant L > 0. We arrive at the last inequality using . When we apply the integral mean value

theorem to the equation above, we get,
[E(t)| < LE|F (x(c). k(x(c—8)),w(c))l,

where, ¢ € (t — 8,t). Therefore, a Yy € K will exist such that |£(¢)] < 5max{yf(lxtlA),yf(lwtlA)}. One of such

constructions of y; € K can be as follows,

}/1*("1): max |f‘|(K’/"W)|’

[la<ry|Ala<rylywla<n

where fi (x(t), x(t = 8), w(t)) = f(x(t), k(x(t — &), w(t)) and we assume that £ (k,A, ) = 0 when k, A,y € A (this

ensures y; (0) = 0). We will have,

Ifi(x(c), x(c—8),w(c))| < max _ [fi (kA )]
Ikl a<Ix(c)] Al a<Ix(c=8) | aslyla<IW(c)] 4
< max [fi (k, A, y) |
Ikla<ixtlalAla<Ixelalwla<Iwela
< max { max I (e A ), max i (e A ) 1}
Icla<Ixela.lAla<Ixel aslyla<Ixela [kl a<Iwel aslAla<Iwel alwla<Iwel 4

< max{yy (Ix¢la). vy (Iwela) 3

where, |x¢|4 = inf max (|k —x(t+s)|),and |w;|a = |nf max (|k — w(t+s)]|). The above calculation shows
k€A _28<s<0 keA _25<s<0

[E(0)] < L&Ifi(x(c), x(c ~ &), w(c))| < LEmax{yy (Ixela), ¥y (Iwela) ).
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Additionally, some y1, y2 € K will exist such that

[0(t) < &max{y1 (Ixela), v2(Iwela) }. (16)

A is a compact set which contains origin so, |w¢ |4 < |w:], thus can be written as
16()] < Emax{yi(Ixe|a), ya(Iwe)}.
Defining § € G by 7 £ max{yg(8.y2(e)),y(e)}, it follows from that
[x(2)14 > max{re(6.r1(Ixc|a)), P(Iwe])} = V < -0.5a3(|x(t)a).

The subsequent analysis follows from [17]. Since yg(0) = 0, for each pair of strictly positive real numbers y, and A,
there exists 6* > 0 such that & € (0, §*) implies

a;'oaoys(Syi(e) <e Vee (uA).

Given an arbitrarily small offset 4 > 0 and an arbitrarily large (finite) restriction (A, Ay), it follows from the Theorem
that there exists §* > 0 such that § € (0, %) indicates the set A is uniformly ISS with gain “1_] o ay o y. Given the

offset & and the restriction A,, it is always feasible to further refine & such that
a;' oazoye(8y2(An)) <p,

with u being arbitrarily small. At this point, a7 o ap o 7 = max{8,a;" o a; o y}. Thus, a;" o ar; o y can be replaced by

-1 _
ay oazoy=7¥. m]

Remark 3.2 Theorem ﬂis a local result that holds for some suitably small neighborhood of set A determined by the ISS
gain lying inside the appropriate restriction and offset range.

3.4 | Comparative review

We compare our work with [28] because, to the best of our knowledge, [28] is the only pertinent study that analyzes
the robustness of set ISS to input delays. The novel contributions of our work w.r.t [28] are as below

e The robustness of the set ISS of a nonlinear system to input is demonstrated in the existing literature, in par-
ticular, [28], where the input is dependent on a state history as an additive effect, which may not always be
the case in practical applications. We are putting forth a more general setup to address this discrepancy and
demonstrate the set ISS of nonlinear system’s robustness to input time delays, where the control input is re-
placed by its time delayed version. In mathematical terms, [28] prove that if x(t) = f(x(t), w(t)) is set ISS, then
x(t) = f(x(t), w(t)+g(x¢)) will also be set ISS for some time delay 6§ > 0. On the other hand, our study establishes
that if x(t) = f(x(t),u(t),w(t)) is set ISS for some u = k(x(t)), then the system x(t) = £ (x(t), k(x¢), w(t)) is

also set ISS for some time delay 6 > 0, with &, g being continuous functions.
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e The state history function is yet again constrained in [28] as |g(x¢)| < h(|V:]), for some h € K, however in
our work, the state history functions are not subject to any such limitations. This condition indicated in [28] is
applicable to fewer systems to show set ISS robustness to time delay at the input as opposed to our method. We
will demonstrate via examples that it will be difficult for this criterion in [28] to hold in some systems.

We essentially compare Section 4.1 of [28] (the main result therein has also been restated in our article as Theorem
with practical constants as zero) against Theorem [3.4] of our paper. The result in Theorem [3.4]is a relaxation
since it allows more general non-additive delays to the input and removes constraint from Theorem This
significantly increases the scope of robustness results under time delay for set stable systems. These contrasts are

further highlighted with the help of examples in the next section.

Remark 3.3 The proofs demonstrated in this article go beyond the simple substitution of |x| to |x|4. The novel variant of
Razumikhin theorem ( Theorem for uniform set ISS of FDEs is established by thoroughly demonstrating uniform stability
and convergence w.r.t sets, providing a foundation for our paper’s major result on robustness w.r.t. input time delay. Lemma
derived as an extension of the results in [32] for ISS of compact sets containing the origin also feeds into the proof of
Theorem @] Another crucial and challenging aspect of the proof is constructing a general function y; (s) to demonstrate
set ISS for time delayed systems in Theorem|[3.4]

4 | COMPARISON USING EXAMPLES

This section uses examples to show the robust set ISS analysis of a nonlinear system with delays described in Section
B3

The first example uses a set that just contains the origin to show how the set ISS is robust to input time delays
using Theorem [3:4] This serves as an additional example of the limitation of Theorem [3:3]where it is challenging to
satisfy a restrictive assumption given singleton set circumstances. The second example also illustrates the same with

sets rather than the origin.

4.1 | Examplel

Consider a nonlinear oscillator:

X3 = =k (x1) — 1 (x2) +w,

{ X1 = X2 (17)

where the continuous functions k : R — R and i : R — R satisfy the following conditions k(0) = (0) = 0 and that

for any r # 0 we have
rk(r) >0, rja(r)>0.
w stands for a disturbing force. Under the above assumptions, the origin is the only equilibrium point of the unper-

turbed (w = 0) system. Let ji(s) = fis be linear, where 7 > 0 and & be continuous with k(0) = 0 and rk(r) > 0 for any
r € R and in addition liminf, .. k(r) # 0, and n € K, be such that k(|e|) > n(|e|) for any real e # 0. Consider the



Pallavi Sinha et al. 13

following Lyapunov function and its time derivative:

pZ X1 _
V(x) = 7x12+ﬂx1xz+x§+2/ k(r)dr
o

. - 1
VOxw) = =g (xik () + 53] + (i +2x0) w < =a (x| (1xa )+ x3)

2 (il () +x3) = @l +2 k) [wl (18)

It is well known from [34] that

|x|>max{\/1+is'_w',\/1+”2n-1 (4w|>}ér(|w|) (19)
A p 4

implies . So, we have V as an ISS-Lyapunov function. By Deﬁnition the system is ISS with the gain y € K
defined in (19). We can also represent the nonlinear oscillator system (17) as

x =f(x)+wy,

where x = (x1,x2)T € R2, wy = (0,w)T € RZ and f(x) = (=x2,—k(x1) — x2)T € R2. The subsequent equation with

an input delay perturbation is
X =1f(x)+w +g(xe),

—x2(t) + x2(t — 1)

.
with g(x) (m(r)—xm—r),

), 7 >0, and g = 1, which results in the following time delayed modification of :

{ x1(t) = x2(t = 7)
X(t) = —k (x1(8)) — fixz(t — 1) + w(t).

Applying the mean value theorem, we obtain

g(x0)1 =V2r max |-k (x(9)) = x2(¢ 1) +w(@)|,

where ¢ € [s —7,s] and |x¢| = sup_p,;<s<0 |X(t + 5)]|. It is difficult to establish the requirement that there exists a
h € K, such that |g(x;)| < h(|V:]), even in situations where Theorem [3.3]is applicable. This is because we don't
have the information on the shared relationship between w(¢) and x; (¢), x2(¢ — 7). We propose that the ISS of the
time delayed system can be demonstrated using Theorem rather than having to go through the tedious process of
validating the above requirements of Theorem In accordance with , we take into consideration the following
system

{ )'(1(t):u_ 20)
X2(t) = —k (x1(t)) — Au+w(t),
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with feedback v = x5. Alternatively, we can write the above nonlinear oscillator @ with @ =1 as,
X =f(x)+u+w,
where x = (x1,x2)7 € Ro,u = (u1,u2)T € R2, wy = (O,w)T € R? and f(x) = (0,—k(x1))T € R% We choose

u = (u1,u2)T = (x2,-x2) T, such that the nonlinear oscillator is ISS without any time delay at input. If we have a
time delay introduced in the feedback, we will then have the following:

)'(:f(x)+(x2(t_r))+w1. (21)

—x2(t - 1)
Given that the aforementioned system is ISS without any time delay, rewritten as,
x=Ff(x)+u+G(x,w)0+wq,
where G(x,w) = I, and
6=(61.62)" = (x2(t = 7) = x2(#), = (x2(t = 7) = x2(t))) "
satisfies the following

X(0)]a = Ix(0)] > max{y (Iw(0) ), e ([O(E)) ) (22)
y(Iw()) = max {mmwn, T4 <4|w|>}
Yo(16(£)]) = max { max{10(r~" (161))*,10(™" ([61))?},24V0(le1)}
= D*V(1) <—%(|x1|r](|x1|)+xg).

We will prove the claim made above using the same Lyapunov function as we did for nonlinear oscillator :

X1
V(x) = %xf +x1x2+x§+2/ k(r)dr
0
D+V(t) = - (X]/E (X]) +X§) + (X] +2X2) w + (2E(X1) + X2 +X1)91 + (X1 +2X2)92
<—(|X1|f7(|X1 |)+X§)+(|X1|+2|X2I) Iwl+ 21k (x1) | +3]x2] +2|x11)16]

1 2
<-5 (minaxn+23)

(111 (xr )+ x2) = max{2 (xi [ +2 [xa]) [w], 421F (x1) |+ 31x2] + 211 D 6]} (23)
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We will now prove that (22) implies (23): We have already shown that |x| > y(|w(¢)|) implies (|x1 [n(Ix]) + Xz)
> {2 (|x1]+2|x2]) [w|} in the case where there is no time delay in the oscillator. Let us now prove that

Ix1 > o (16(2)) (24)
implies
(111 (Ix1 D+ x2) > 421 (x| +31xz] + 2Ix1 D61} (25)

We consider two cases for this: 2|k (x1)| +2|x1| > 3|xz| and 2|k (x1)| + 2|x1| < 3|x2|. We consider k(x;) = x3 here

onwards. If 2|k (x1)| +2|x1| > 3|x2|, then |8] < % < n(]x1]), because otherwise we have a contradiction
1

f 4
x| = \Jx? + x2 = [x2 + §(x13+x1)2

< max{10]x;[*,10[x; |2} < max{10(n~" (161))*,10(n~" (161))?}.

Next we have, 6] < d&% and it follows that 4(2|x; 3 + 3|xa| + 21x1[) 18]} < 8(2|x1 |2 + 2)|x; |% <

Ix1n(1x1]) < (|x1 In(x]) +x§). In the opposite case, 2|x;|> + 2|x;| < 3|x2|, then |8] < ‘gﬁl, because otherwise

we have a contradiction,

x| = X2+ 22 < (203 +2x)2 + x2 < \JxZ + X2 < VIO x2| < 24VT0[6].
Hence, we have |6] < 32! and |tfo||owsthat4(2|x1 B4+31xal+2[x1 )61} < 8(3Ix2) 18] < Ix2[2 < (Ix117 (Ix1 1) +x2) as

desired, which proves (24) implies (25] . With 8(t) = (x2(t — ) — x2(t), —(x2(t — 7) — x2(¢))) T and x,(¢t) being locally

Lipschitz, we can further obtain the following using integral mean value theorem,
()] < TLI(-x}(c) = x2(c = T) + w(e))| < Tmax{y: (Ixe]). y2(Iwe )},
where ¢ € (t — 7, t) and L is the Lipschitz constant corresponding to & : [a, b] — R and a, b € R. Define

yi(r) = max  10LIA3 + Azl y2(r2) = 10L|ro].
[Arl<r.Azl<n

We now define 7 € G by y = max{yg(t.y2(e)),y(e)}, and following , we obtain
x(0)14 > maxro (e (1xe ), P (1w} = DV () <~ (Ixil (xi )+ 13)
We can now choose 7* > 0 such that for = € (0, 7%),
ailoazoys(tyi(e)) <e, Vee (uA),
holds, for each pair of strictly positive real numbers y and A.

For e € (u, A), where 1 = 1, we have y; (e) = 10L | + e|. The Lipschitz constant L corresponds to & : [a, 6] — R
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and a, b € R. For given k, n(x1) = x3 implies that y(|6(¢)| = 24V10(|]) for e € (1, A). Functions a; (x) = ||x||? and
az(x) = 2(1 + ||x]|?)||x||? are the lower and upper bounds respectively for the selected Lyapunov function V (x) =

G x2+axixy+ x2+2 [ k(r)dr, with 1 = 1. Next, we satisfy

a;jlomoyg(ryi(e)) <e Vee (1,4),

to obtain

—1++/1+2]e]2

5 >

—1++/14+2|A]2

T< ————.
1073.95 x L|A3 + A|

755.88 x TL|e® + e < e c(1,A)

The upper bound of 7 can vary based on the constants u, A, and the Lipschitz constant L.

The analysis that follows assumes that 7 can be further refined so that we achieve the same ISS gain as is for {17),
in accordance with [17] and Theorem[3.4} The next example shows how Theorems[3.3]and[3.4]differ by considering
a system with an equilibrium set as a compact, invariant set containing the origin.

4.2 | Example 2

Here, we focus on Stuart-Landau oscillator systems, which are used to model the behavior of complex systems in
various contexts. For instance, they can be used to characterize electronic oscillators, semiconductor lasers, chemical
reaction-diffusion systems, and neuro-physiological phenomena. Studies on the Stuart-Landau oscillator’s stability
can be found in [37]. A forced generalized Stuart-Landau oscillator is described by

z’:—v|z|22+§z+u, (26)

where z € C represents the oscillator’s state, v,{ € C are parameters defined as v = vg +ivy and ¢ = ¢r +i7,
respectively, and v € C is an input to the oscillator. Here, we consider {g,vg > 0. The compact set of equilibrium

points for is given by
AtlzeC:|z|= 4 U{z:O}.
VR

We define the norm | - | 4 as follows.

|z| if |z] <0.7va,
1zla=1 llzP-a| if |z|>0.7Va
a = §R/VR-

Let us consider the following candidate 1SS-Lyapunov function

V() = 417R 1212 -al".
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where a = ¢g/vg and |z|? = zz and z signify the conjugate of z.

Let |z| < 0.7va then, V (z) = |z|* - 2a|z|? +a? and, since —|z|2 > —0.49a, we obtain V (z2) = |z|*+0.02a2 > |z|*.

Now, since |z|4 = |z|, which implies that V(z) > |z|‘}4. Next, we can do the same when |z| > 0.7Va and |z|4 =

NI |2 = a) |. As obtained in [37], the time derivative of V along the trajectories of are

; 1 2 2 0. 1
V(z)<—§[|z| —a] Iz| +R|u|. (27)

The right-hand side of the abovementioned inequality is then bounded in terms of |z| 4. To bound the term [|z |2 - or]2 |z|2
in the two cases (|z|4 < 0.7va and |z|4 > 0.7va) independently. Denoting c3(|z]4) = min {0.51a?|z|3,0.49a| z|4}
and combining the two cases together, we obtain

. 1
V(2) < —c3(lz|a) + — |ul?,
2vR

which can also be rewritten as

4 X LT
|Z|A>C31(V7|U|2):Y(|U|) = V<—§03(IZ\A).
R

The Lyapunov function V (z) satisfies the conditions of Deﬁnition Thus, the system is set ISS w.r.t A with gain
Y € Keo-

We now add input delay perturbation, which is g(z;) = v|z(t)|2z(t) =v|z(t —=7) |2z (t —=7) = £z(t) + L z(t - T). As
a result, the time delay modification of (28) is as follows:

2(t) =—v|z(t—D)Pz(t - 1) + Lz (t — 1) + u(t).
We now employ the mean value theorem to obtain
lg(ze)| < TlL(—vIz(¢p - D) P2(p — 1) +{z(p — T) + u(@)) | +7I3]2(p) [Pv(~vIz(p — 7) [P2(¢ — 1) + L{z(p — ) +u(9)) .

It is difficult to establish the requirement that there exists a k € K, such that |g(z;)| < k(|V;]), even in situations

where Theorem @ is applicable. This is because we are unaware of any shared relationships between u(¢) and
z(¢),z(¢ — 1), where ¢ € [t —1,t].

We propose that the set ISS of the time delayed system can be demonstrated using Theorem @ rather than
validating the above requirements of Theorem In accordance with , we take into consideration the following

system
Z=w+u, (28)

where u € C. We take into account the feedback w = k(z) = —v|z|?z + ¢z with the parameters v = vg + iv; and
¢ = ¢{r+itr, and ¢, vk > 0. This system is set ISS with respect to A. Now, we'll examine whether the system
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is set ISS with a time delay in feedback. To do the same, we first demonstrate that the subsequent system

2=—v|z|Pz+lz+u+6, (29)
with
0 =v|z(t)Pz(t) = v|z(t = D) Pz(t = 7) = Lz(t) + £z (t - 1),

. 2
satisfies D*V (t) < -3 [[z]2 - a]" |22 + Vi2|u|2 + Vi2|e|2, or
R R

2 4 1
|z]a = max{c31(v—2|9|2),631(v—2|u|2)} = D*V(t) < —ZC3(|Z|A). (30)
R R

This is inferred from when the time derivative of the ISS-Lyapunov function is taken along the trajectories (29).
It is important to note that we were unable to determine y, (|61), which yields D*V (¢) < —T7503(|Z|A)~ However, this
won't impact our analysis as we have some definite negative functionin |z|4. 8(t) = k(z(t — 1)) — k(z(t)) and k is a
locally Lipschitz function. Thus, we obtain

6(t)| < L) ‘/: (—vlz(s—r)lzz(s —-7)+¢z(s—1) +u(s))ds|,

for a particular Lipschitz constant when the function k is specified in a local domain. The results of applying the

integral mean value theorem to the aforementioned equation are as follows:
18(t)| < Lt|=v|z(c—1)[2z(c—1) +{z(c - T) +u(c)],
where ¢ € (t -1, t), and
Lr|=v]z(c-1)z(c - 1) +{z(c - 1) +u(c)| < Tmax{yi(1z¢]a), v2(lue]) }.

Define y1(r1) = maxj < 10L| - v|A|2A + ¢A|, where we assume for A € A, then 10L| — v|A|?A + ¢A| = 0, and
y2(r2) = 10L|rz|. We now define y € G by 7(e) 2 max{ys(t.y2(e)),y(e)}, where yg(e) = c3' (v%|e|2). As a result of
R

30),

l2(0)la > maxro (e (zla), 7} = v < ~2UEA)

is implied. We now perform the identical procedures as in Subsectionl@to prove the findings from the Theorem@
and to establish the set ISS of (29).

To compute the upper bound on the time delay at the input, we have y; (e) = 10L| -v|e? +a|VeZ + a +{Ve2 + a],

vo(e) = c3' (V% le|?). Here we take into account that e € (2,A) and a = f—z = 2 to choose c3(e) = 0.51 x 4|e|? from
®
c3(e) = min {0.51a2|e|2,0.49a|e|*} , using which we obtain yg(e) = #0.99le| for e € (2,A). Functions aj(e) =

1

s le|* and ay(e) = # le|* represent the upper and lower bounds respectively for the chosen Lyapunov function
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V(2) = g [l - a]?. We further satisfy

af1 oapoyg(tr.yi(e)) <e, Vece€(2,A4),

to obtain

1 1 1
V—><—4><9.9“><L“><1-4|—v\ez+2|\/e2+2+§’\/e?+2|4 < W|e|4, ec(2,h)
R v R
R

|Alvg
T< .
13.99L| — v|AZ +2|VAZ + 2+ ¢{VA? + 2]

The upper bound of 7 can vary based on the constants y, A, and the Lipschitz constant L. The analysis that follows
assumes that 7 can be further refined so that we achieve the same ISS gain as is for (24),

5 | CONCLUSIONS

A Razumikhin-type set-stability theorem has been interpreted in terms of the ISS nonlinear small-gain theorem and
extended to cover the case of persistent disturbances. Set input-to-state stability (and set-global asymptotic stability
as a special case) is shown to be robust, in an appropriate sense, to time delays at the input for nonlinear control
systems also described by ordinary differential equations. We also compare our result on the robustness of set ISS to

time delay with a related result using illustrative examples.
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Appendix A.

To prove Lemma|3.1} we follow the same steps as in the proof of [32] Lemma 1].

With the hypothesis of the lemma and Definition[T] that there exists a smooth function V : R” — Ryq, a7, a2, a3 €

Ko, and yy,; € K such that &y (|1x]4) < V(x) < a2(|x[4) holds and

- . ov
[x|a > Vu, (1)) = V = §¢(X, u1,0) < —as3(]x|a),

where y,, (e) = a1’1 oy o ¥y, (e) € K. We define d, = B(x, uy)uz and calculate the time derivative of the function v
along the trajectories of (1),

V= 0L, Bl ) = 9o (x,u1,0) + S (§(x,u1,5) — (x, 1, 0)). (31)
X X X

As ¢ is locally Lipschitz, there exist a y € K. and a positive real number L > 1 such that using (3), we get

IXla > Fuy (lut]) = V < —as(Ix]a) + |@2] (L +y (max{|x], lu1], |G2]})).
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Let us now define 7., (e) = max{e, 013‘1 (2(1+L)(e))} € K« and consider b(e) to be a smooth function which satisfies
b(e) = 1 in neighborhood of origin of set A (i.e., 3a §; > 0 such that b(e) = 1, Ve € [0, §1]) and specifically is chosen
so that the following inequality

0<b(e) < min{ (32)

1
0.5+y/(e)’1}

holds for all e € Ryo. For X = [xT,u[ |7, we assert that the matrix B(x, u1) £ b(|X|) Imxm and the function y,, (e) =
aﬂ o ay o 7y, (e) satisfies the requirement of the lemma, i.e,,

el > max (i, (lon D By (D)) = 57 x,un, BOx ) < =025 (xl). (33
Using the fact from (32), that 6(|X|) < 1, we have
IXla > pu (lui]) = V <=as(lx|a) +b(IX D uz|(L +y (max{lx], u1], luz]})).
Now,
IX|a > max{7u, (lu1]), luz|} = V < —as(Ix|a) +b(IX]) |ua| (L +y (max{|x], |u1]})).

We use the fact from [38] that |x|4 < |x| when a compact set contains the origin, which implies |uz| < |x|4 < |x| for
the above inequality. So,

IX|a > max{yu, (lu1]), luz|} = V < =as(Ix]a) + b(IX]) |u2| (L +y (IX]).
From we have, b(e) < 1and b(e)y(e) < 1fore > 0and so,
x4 > max{yu, (lu1]), luz|} = V <-0.5a3(Ix|a) = 0.5a3(|x|4) + (L +1)|uzl,
which can be rewritten as
Ix1a = max{fu, (Ju1]), luzl, @57 (2(L+ 1) (Juz]))} = V < =0.5a3(|x|a),

where 7, (e) = max{s,a;'(2(1+L)(e))} and y,, (e) = a;! o a3 o Jiy, (e). Hence, is satisfied.
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